The defining feature of the eukaryotic cell is the possession of a nucleus that uncouples transcription 30 from translation. This uncoupling of transcription from translation depends on a complex process 31 employing hundreds of eukaryotic specific genes acting in concert and requires the 7-32 methylguanylate (m7G) cap to prime eukaryotic mRNA for splicing, nuclear export, and cytoplasmic 33 translation. The origin of this complex system is currently a paradox since it is not found or needed 34 in prokaryotic cells which lack nuclei, yet it was apparently present and fully functional in the Last 35
Introduction 4
The presence of the eukaryotic nucleus results in an uncoupling transcription and translation, and 80 this uncoupling requires mRNA to be synthesised inside the nucleus, capped, processed, and 81 exported into the cytoplasm for translation (Kyrieleis et al. 2014 ). This contrasts to prokaryotic 82 translational systems that rely on direct recognition of uncapped mRNA by the ribosomal apparatus 83 (Benelli and Londei 2011) . Evidence of archaeal methanogens 3.8 billion years ago (Battistuzzi et al. 84 2004) shows that prokaryotes evolved well before the eukaryotes originated 1.8 billion years ago 85 (Parfrey et al. 2011 ). Accordingly the prokaryotic system of direct recognition of mRNA by the 86 ribosomal apparatus existed for nearly two billion years before the nucleus and its cap based system 87 abruptly appeared in LECA. 88
89
The change from a prokaryotic translational system found in FECA (Figure 1) to the uncoupled 90 eukaryotic system found in LECA (Figure 2) involved the evolution of a complex molecular system 91 involving hundreds of interacting genes. The m7G cap is critical to this process since it primes the 92 mRNA for processing, export and translation (Figure 2) . The genes required to add the m7G cap 93 include: an RNA polymerase (RNAP-II) dedicated to capped mRNA synthesis (Sentenac 1985) , an RNA 94 triphophatase (TPase), guanylyltransferase (GTase) and methyltransferase (MTase) required for 95 capping mRNA (Kyrieleis et al. 2014) . A cap binding protein (eIF4E) is also essential since it is 96 required for initiating translation of the capped mRNA in the cytoplasm (Marcotrigiano et al. 1997) . 97
Paradoxically, the high level of complexity and the integrated nature of the cap based system of 98 uncoupling transcription from translation suggest a long evolutionary history, yet no transitional 99 cellular forms linking the prokaryotic (Figure 1 ) and eukaryotic systems (Figure 2) have been 100 described. Consequently if only prokaryotes are considered as source for the eukaryotic m7G cap 101 based system, an abrupt and currently insurmountable phylogenetic impasse is encountered. 102
103
The Viral Eukaryogenesis (VE) hypothesis proposes the nucleus derives from an ancient DNA 104 phage/virus and predicts the m7G cap based system that primes the uncoupling of transcription 105 5 from translation in eukaryotes originated amongst the prokaryotic viruses (Bell 2001) . Although 106 fossil evidence for viruses is unlikely to be found, viruses almost certainly existed before the origin of 107 LECA. For example, a prokaryotic genome that is free of genetic parasites is expected to show 108 signs of genome degeneration due to the need for a mechanism to overcome the degradation of 109 prokaryotic genomes caused by processes such as Muller's ratchet (Iranzo et al. 2016 ). There are 110 also strong biological arguments that the emergence of genetic parasites is inevitable due to the 111 instability of parasite-free states ). Further experimental support for a pre-LECA 112 origin of viruses comes from phylogenomic analysis which shows that modern eukaryotic viruses 113 evolved from pre-existing prokaryotic phage . It can thus be anticipated that 114 viruses would have emerged in concert with the first prokaryotes and existed for much of the 2 115 billion years between the appearance of the first methanogens and the appearance of LECA. 116
117
The VE hypothesis has been supported by the discovery that the Pseudomonas jumbophage 201 Φ2-118 1 constructs a nucleus-like viral factory that uncouples transcription from translation (Chaikeeratisak 119 et al. 2017b ). The viral factory established by 201 Φ2-1 confines phage DNA within the factory 120 whilst excluding ribosomes (Chaikeeratisak et al. 2017b ). Thus once the factory is established, 121 transcription occurs within the factory and the mRNA must be exported into the cytoplasm for 122 translation. Functionally, infection results in the bacterial protoplasm being divided into a viroplasm 123 where viral information processing occurs, and a cytoplasm where translation and metabolic 124 enzymes are localised. Since viral encoded enzymes such as RNA polymerases and DNA polymerases 125 must function inside the viral factory whilst components of the phage virions are assembled in the 126 cytoplasm, it can be inferred that the boundary of these viral factories must be able to selectively 127 sort which proteins, RNA transcripts and other factors can move across the boundary. 128 129 Deepening similarities between the eukaryotic nucleus and the viral factories of phage 201 Φ2-1, 130 201 Φ2-1 possesses homologues of eukaryotic tubulin (PhuZ), and this tubulin polymerises via 131 6 dynamic instability, positioning the factory in the centre of the infected cell (Chaikeeratisak et al. 132 2017) . The PhuZ spindle is the only known example of a cytoskeletal structure that shares three key 133 properties with the eukaryotic spindle: dynamic instability, a bipolar array of filaments, and central 134 positioning of DNA (Chaikeeratisak et al. 2017 ). This is a significant parallel since eukaryotic nuclei 135 are positioned in the cell by microtubule-dependent motors during development and differentiation 136 (Star 2009). 137
138
It was similarities between the eukaryotic nucleus and the Pox viruses that led to the original VE 139 proposal that the nucleus was derived from a virus that infected the archaeal ancestor of the 140 eukaryotes (Bell 2001) . In particular the observations supporting the model were that the Pox 141 viruses could produce capped mRNA, possessed linear chromosomes, could separate transcription 142 from translation, and had an ability to replicate entirely within the host cytoplasm (Bell 2001 In addition to inheriting the ability to add an m7G cap to mRNA from the NCLDV common ancestor, Heimdallarchaeota LC-3, only one of these showed homology with the known domain structure of 232 the GTase. This gene was an ATP Ligase ( Table 1) , a group known to share homology with the 233
GTases (Shuman and Schwer 1995) . Using the ABD1 (MTase) gene of S. cerevisiae identifies 234 homologs with significant E values in both humans and Heimdallarchaeota LC-3. However it is 235 10 known that the methyltransferase domain of the capping enzyme shares homology with a wide 236 family of methyltransferases, and according to the annotated genome of the Heimdallarchaeota LC3, 237 the gene detected in this search shares affinity with the Trans-aconitate 2-methytransferases rather 238 than the capping MTase. 239 240 Using the S. cerevisiae eIF4E gene (CDC33) to search for homologues in H. sapiens identifies the 241 human eIF4E with a very significant E value ( Table 1) . By contrast, no homologues eIF4E with 242 significant E values were found in the Heimdallarchaeaota LC-3 genome. Furthermore, none of the 243 genes with even low degrees of homology detected in Heimdallarchaeota LC-3 possessed the 244 conserved sites that are known to be involved when eIF4E binds the m7G cap ( LECA is strikingly similar to the sudden appearance of the mitochondrion in the eukaryotic lineage. 251
Due to fundamental similarities between the mitochondria and alpha-proteobacteria, the abrupt 252 appearance of the mitochondrion in LECA is widely accepted to be the result of endosymbiosis 253 between a bacterium and the ancestor of the eukaryotes (e.g. Lang et al. 1999 ). The similar abrupt 254 appearance of a highly complex nucleus in LECA in consistent with an endosymbiotic origin, but the 255 nucleus is clearly not of prokaryotic cellular origin since it lacks an obvious homologue or precursor 256 among prokaryotes and is primarily an information processing organelle (Martin 1999; Martin 2005) . Viridiplantae, Alveolata and Excavata were well resolved with high support. These results are 285 consistent with studies that show LECA possessed a functional eukaryotic nucleus (Neumann et al. 286 12 2010) and that all four eukaryotic genes identified as critical in uncoupling transcription from 287 translation primed by the m7G cap descend from a common ancestral set of genes that were 288 present in LECA. The Mimiviridae also belong to well supported monophyletic group suggesting that 289 all four genes were also present in the common viral ancestor of the Mimiviridae. The Mimiviridae 290 resolved into three clades that generally correspond to those previously described in the 291 trees is challenging since the capping apparatus is unique to the eukaryotic domain. Thus only 299 paralogues of these three genes exist outside the eukaryotes and the NCLDV viruses making it 300 difficult to establish informative outgroups. In addition, despite being conserved, these genes are 301 short and thus possess relatively little phylogenetic information. By contrast, the RNAP gene is a 302 large phylogenetically informative gene that is found in all cellular domains. Since independent 303 fossil evidence suggests that domain Archaea existed some two billion years before the appearance 304 of LECA (Knoll 2015) , and the eukaryotes apparently descend from a particular branch of the archaea 305 (Spang et al. 2015) , the RNAP large subunit is a suitable outgroup that can polarise the relationship 306 between the eukaryotic RNAP-II and Mimiviral RNA polymerases. An additional advantage of the 307 RNAP based tree is that all eukaryotes possess multiple RNAP's (Sentenac 1985). Since these 308 multiple RNAP's were present in LECA, these can be used in concert with the archaeal sequences to 309 firmly establish the root of the RNAP tree. Since both logic and the phylogenetic analysis performed 310 here show that the RNAP, GTase, MTase and eIF4E genes are part of a co-evolving module 311 13 responsible for producing and translating capped mRNA, it can be argued that establishing the root 312 of the RNAP tree can be used to deduce the phylogeny of the entire capping apparatus. 313 314 As shown in Figure 5 , using the archaeal RNAP subunit A' and the homologous region of the 315 eukaryotic RNAP-III to polarise the relationship between RNAP-II and the Mimiviridae RNAP shows 316 that both the eukaryotic and Mimiviral genes descend from a common ancestral gene that predated 317 the origin of LECA. The high bootstrap values give confidence that there is significant phylogenetic 318 information in the alignment. In addition, both subtrees of the eukaryotic RNAP genes recapitulate 319 the expected phylogenetic relationships between the eukaryotes, including the establishing the 320
Excavata as the most divergent eukaryotic supergroup (Hampl et al. 2009 ). Furthermore, within the 321 eukaryotic domains, all the chosen eukaryotes were assigned to their accepted branches. A 322 parsimonious explanation of the observed tree is that the ability to produce m7G capped mRNA was 323 a feature of the ancestor of both the eukaryotic RNAP-II and Mimiviridae RNA polymerase since 324 both the eukaryotic and viral genes produce capped mRNA, whilst neither RNAP-III nor the Archaeal 325 RNAP is associated with producing capped mRNA. Although other interpretations may be possible, 326 the tree is entirely consistent with descent of the eukaryotic nucleus and the Mimiviridae from an 327 ancient viral factory that could produce capped mRNA, a defining, core component of the apparatus 328 required to uncouple transcription from translation by the eukaryotic nucleus that has not been 329 observed in the archaeal relatives of the eukaryotes. Here it is shown that the apparatus used by eukaryotic nuclei to produce and translate capped 335 mRNA is not found in the closest archaeal relatives of eukaryotes. This is significant since in the 336 eukaryotic nucleus, the uncoupling of transcription from translation requires a complex highly 337 14 evolved pathway consisting of hundreds of genes acting in concert (Figure 2 ) and the m7G cap is 338 critical to this pathway since it is used to prime mRNA for processing, nuclear export, and 339 cytoplasmic translation (Figure 2) . The absence of the m7G apparatus implies that the highly 340 complex pathway for uncoupling transcription from translation is also absent from archaeal relatives 341 of the eukaryotes. This presents a major biological paradox since such a complex pathway 342 incorporating the concerted action of hundreds of genes unique to the eukaryotic domain implies a 343 long evolutionary history, yet no sign of the pathway is found in the closest archaeal relatives of the 344 eukaryotes. That is, if the nucleus descends from a viral factory and the viral factory set up by FENA was similar 410 in structure and function to the 201 Φ2-1 and Mimiviridae viral factories (Figure 3) , the VE 411 hypothesis explains why the nucleus is mainly an information containing and processing 412 compartment, why it's boundary selectively controls the entry and exit of proteins and nucleic acids, 413 why it exports mRNA into the cytoplasm, why it contains no functional ribosomes, why it possesses 414 linear rather than circular chromosomes, why it is positioned in the cell by the tubulin cytoskeleton, 415 and as explored in this paper, why the eukaryotes possess highly evolved complex machinery to 416 allow uncoupling of transcription from translation with no prokaryotic precedents. It also provides a 417 rationale for the neo-functionalisation of RNA polymerases in the eukaryotes since the viral factory 418 introduces its own RNA polymerase specifically dedicated to the transcription of capped viral mRNA 419 destined for translation in the cytoplasm. The origin of the nucleus from a viral ancestry has also 420 been shown to provide a plausible mechanistic model for the origin of mitosis, meiosis and the 421 sexual cycle (Bell 2006 , Bell 2013 ), a problem described as the queen of evolutionary problems (Bell 422 1982) . Thus the origin of the nucleus from a viral factory addresses many of the challenges required 423 to explain the apparently abrupt appearance of a fully formed and functional nucleus in LECA, 424 despite its complete absence from bona-fide archaeal relatives such as members of the Asgard 425 archaea. 426
427
It should be noted that the VE hypothesis is not a pure 'endosymbiotic theory'. According to the VE 428 hypothesis (Bell 2001) , the eukaryotic cell is descended from an archaeal ancestor of the eukaryotic 429 cytoplasm, a bacterial ancestor of the mitochondrion, and as explored in this paper, a viral ancestor 430 of the nucleus. Although the archaeal ancestor of the cytoplasm may had a mutually beneficial 431 symbiotic relationship with a bacterium leading to the origin of the mitochondria, the host archaeon 432 did not gain any benefit from the viral infection, rather the archaeon host was enslaved by the virus 433 and its genome was ultimately destroyed. 434 435 However, like the endosymbiotic theories for the origin of the mitochondria and the chloroplasts, 436 the VE hypothesis deals with complex irreversible events that are difficult to directly test (Margulis 437 1975) . In the case of the mitochondria, it took nearly 100 years before the consilience of evidence 438 built up sufficiently for the endosymbiotic origin the mitochondria to become (almost) universally 439 accepted. Although a more radical concept than endosymbiosis, if the VE hypothesis is similarly 440 supported by the accumulation of multiple lines of evidence, it will introduce a major paradigm shift 441 18 in our understanding of the evolution of complex life on earth. In particular, if the VE hypothesis is 442 ultimately accepted, it implies that the eukaryotic cell derives from a consortium of three organisms 443 that became integrated to such an extent that they created an emergent 'super-organism'. The 444 novel features of this emergent 'super-organism' allowed it to escape the limitations of prokaryotic 445 evolution and evolve to levels of unprecedented organismal complexity. Although in the yeast Saccharomyces cerevisiae, there is only one eIF4E gene, the core role of eIF4E 518 in protein translation has meant that in higher eukaryotes several paralogous eIF4E genes have 519 21 evolved that encode distinctly featured proteins. In addition to regular translation initiation, these 520 paralogues are involved in the preferential translation of particular mRNAs or are tissue and/or 521 developmental stage specific. For example, eight such genes have been found in Drosophila and five 522 in Caenorhabditis (Frydryskova et al. 2018 ). In humans where there are multiple paralogues, the 523 three isoforms of eIF4E1 bring the mRNAs to the ribosome via an interaction with scaffold protein 524 eIF4G (Frydryskova et al. 2018) . As a result, in this study the human eIF4E1 isoform was used to 525 conduct blast searches of Holozoa, and the hits with the highest blast score were taken for 526 phylogenetic analysis. In Arabidopsis, the EIF4E1 is expressed in all tissues except in the cells of the 527 specialization zone of the roots whereas the At.EIF4E2 mRNA is particularly abundant in floral organs 528 and in young developing tissues (Rodriguez et al. 1998 ). The Arabidopsis EIF4E1 gene was thus used 529 in blast searches of plants, and the genes with the highest homology taken for phylogenetic analysis. 530
Where molecular knowledge was insufficient for such rational sequence selection, the homologue 531 with the highest homology to the Saccharomyces gene was identified, and provided that the gene 532 possessed regions equivalent to the structurally important regions that bind to the m7G cap 533 
